The csa-15 locus of Bacillus subtilis corresponds to an operon encoding proteins which display features characteristic of the ABC group of transporters. Sequence analysis reveals a very high level of identity to the ribose transport operon of Escherichia coli. This hypothesis is supported by the observation that strains carrying mutagenic insertions in this operon are unable to grow on ribose as sole carbon source. Expression of this operon is directed by a single SigA-type promoter which is negatively regulated by SpoOA during the late-exponentiaUtransition state of the growth cycle.
INTRODUCTION
Cell walls and membranes are effective barriers against the influx and efflux of solutes and metabolites. Bacterial transporters have been classified into osmotic shock resistant and osmotic shock sensitive systems (Ames, 1986; Higgins e t al., 1990 ). This classification is based on the observation that a large number of transport systems have a substrate-binding protein located in the periplasm of the cell. This is released upon osmotic shock, and renders the cell incapable of transporting the metabolite. In addition to the periplasmic substrate-binding protein, this group of transporters is characterized by four protein cassettes : two hydrophobic membrane-located domains and two ATP-binding cassettes. This group is called the ABC ( ATP-binding cassette) group of transporters (Higgins e t al., 1990) . In some systems, the four cassettes are located on separate proteins as in the case of the oligopeptide transport system of Salmonella t_yphimurizlm. In other systems, some of the domains are fused into a single protein. The two ATP-binding domains are fused into a single protein in the ribose transport system of Escherzchza coli while the two hydrophobic domains are fused into a single protein in the p69 system of Mjcoplasma. Although first identified in bacteria, transport systems with these characteristics are also present in eukaryotes. The GenBank accession number for the sequence reported in this paper is 225798.
ABC-type transport systems for oligopeptides (Perego e t al., 1991; Rudner e t al., 1991) and dipeptides (Mathiopoulos e t al., 1991) have been identified in Bacillzls subtilis. In addition to the proteins containing the four cassettes, these systems have a protein homologous to the periplasmic substrate-binding protein, even though this bacterium does not have a periplasm. Nevertheless, Perego e t al. (1 991) have demonstrated that the periplasmic oligopeptide binding protein OppA is cell wall associated in exponentially growing cells. Thus this protein is probably functionally equivalent to its Gram-negative counterpart in that it is located outside, but anchored to, the cell membrane and binds substrate with high affinity.
O'Reilly e t al.
(1 994) describe a method which can be used to identify operons whose expression is regulated by any particular regulator protein. Using this strategy, 28 strains of B. szlbtilis were identified (designated CSA for control by SpoOA), each of which harbours an operon-lacZ fusion which is negatively regulated by SpoOA. Analysis revealed that in strain CSA8 the citrulline biosynthetic operon argC-F is fused to lacZ and that expression of this operon is negatively regulated by SpoOA during cell growth on solid medium, but not during growth in liquid culture (O'Reilly et al., 1994) . In this communication, we report that the operon to which the lac2 gene is fused in strain CSA15 displays a high level of identity to the ribose transport operon identified in E. coli. This Bacterial strains and growth conditions. The strains used in this study are described in Table 1 . Strain CSA15 was identified and isolated as described in O'Reilly e t al. (1994) . B. subtiiis strains were grown on SM (Schaeffer sporulation medium; Schaeffer et al., 1965) or LB (Luria Bertani medium ; Miller, 1972) . Solid medium was made with LB or SM medium containing 1.5 % (w/v) agar (Difco). Chloramphenicol (3 pg ml-'), X-Gal (5-bromo-4-chloro-3-indolyl /3-D-galactopyranoside, 40 pg ml-') or IPTG (isopropyl /3-thiogalactopyranoside, 1 mM) were added as appropriate. E. coli strains were grown in LB broth or on agar with selection for ampicillin resistance at 100 pg ml-'. To test for growth of B. subtilis integrant strains on ribose as sole carbon source, strains were plated on minimal medium (Anagnostopoulos & Spizizen, 1961) containing the auxotrophic requirements (Trp and Phe, 40 pg mi-' each) and ribose (1 %, w/v).
Lambda bank of B. subtilis chromosomal DNA, plasmids and plasmid construction. The lambda bank of B. subtilis chromosomal DNA was constructed as previously described (Wood et al., 1990 
-10 +1 
L A T I K D V A G A A G V S V A T V S R N L N ~T~C A A~~G C T G T T T T G G C T A C A A T T A A A G A T G T C G C C G G A G C G G C G G G C C G G T T T C C C G C A A C C T G A A T 360 D N G Y V H E E T R T R V I
A A M A K L N Y Y P N E V A R S GATAACGGCTATGTACACGAAGAAACGCGAACGCGTGTCATAGCGGCGATGGCGAAGCTGAACTATTACCCGAATGAAGTCGCCAGATCT L Y K R E S R L I G L L L P D I T N P F F P Q L A R G A E D CTATATAAAAGAGAATCCCGACTGATCGGACTTTTGCTCCCGGATA~ACAAACCCT~CTTCCCCCAGCTTGCCCGC~TGCGGAGGAT EcoRV E L N R E G Y R L I F G N S D E E L K K E L E Y L Q T F K Q GAATTGAACCGGGAAGGCTATCGCCTTATTTTCGGCAACAGTGACGAGGAATTG~GAACTTGAATACCTTCAAACCTTTAAGCAA N H V A G I I A Q R I T R I S R E Y S G M N Y P V V F L D R AATCATGTCGCAGGCATTATTGCGCAACGAATTACCCGGATCTCGAGGGAATACAGC~CATG~TTATCCAGTTGTTTTTCT~ACAGA T L E G A P S V S S D G Y T G V K L A A Q A I I H G K S Q R ACGCTTGAAGGGGCTCCTTCTGTGTCCAGTGACGGCTATACAGGAGT~G~AGCCGCCCAGGCTATCATTCACGG~GCCAGCGC I T L L R G P A H L P T A Q D R F N G A L E I L K Q A E V D ATTACGCTCTTGAGAGGACCCGCTCACCTGCCGACCGCTCAAGACC~TTT~CGGCGCTTTG~TCTT~GCAGGCT~GTTGAT
F Q V I E T A S F S I K D A Q S M A K E L F A S Y P A T D G TTTCAGGTCATTGAGACAGCTTCATTTTCAATTAAAGATG~CAATCGATGGCGAAGGAGCTG~TGCCTCTTATCCAGCGACAGATGGT
C l a f V I A S N D I Q A A A V L H E A L R A K K R A G D I Q I I G GTGATCGCGAGTAATGATATTCAAGCCGCTGCCGTTTTACATGAAGCATTGCGCGCG~CGTGCCGGAGACATTC~TTATCGGC L L L G I I K K Q P L A E T A I Q M P V T Y I G R K T T R K C T G C T T T T G G G T A T C A T T A C A G C C G C T G G C A G A A A G E D * M R N I C V I G S C S M D L V V T S D K R P K A G E T GAAGATTAAGATGCGTAATATTTGTGTGATTGGTAGCTGT~TATGGATTTAGTGGTCACCTCGGACAAACGCCCAAAAGCCGGTGAAAC rbel -' V L G T S F Q T V P G G K G A N Q A V A A A R L G A Q V F M G G T T C T T G G C A C G T C A T T T C A G A C T G T G C C G G G C G G C A A A T V G K V G D D H Y G T A I L N N L K A N G V R T D Y M E P V GGTCGGCAAAGTTGGAGACGATCATTATGGAACAGCTATT~GAAT~TCT~GCTAACGGCGTTCGCACTGA~ATATGGAACC~T
T H T E S G T A H I V L A E G D N S I V V V K G A N D D I T TACACATACGGAAAGCGGAACCGCTCATATTGTGCTTGCTG~GGCGAC~CAGCATTGTCGTTGTC~GGCGCGAACGATGACATCAC P A Y A L N A L E Q I E K V D M V L I Q Q E I P E E T V D E C C C A G C G T A T G C G T T A A A C G C G C T C G A A C A G A T T G A A A A G V C K Y C H S H D I P I I L N P A P A R P L K Q E T I D H A GGTGTGCAAATACTGCCATTCTCACGATATCCCGATCATACTAAACCCAGCACCGGCCCGCCCGCTCAAGCAGGAAACAATTGATCACGC T Y L T P N E H E A S I L F P E L T I S E A L A L Y P A K L TACCTATCTGACGCCGAATGAACACGAGGCTTCGATTTTATTCCCTGAGCTTACCAT~CCGAAGCTCTGGCGCTTTATCC~C~GCT

EcoRV
T a d
F I T E G K Q G V R Y S A G S K E V L I P S F P V E P V D T CTTTATTACGGAAGGAAAACAAGGCGTCCGCTATTCGGCTGGCAGC~GA~TGCTCATCCCGTCCTTCCCTGTAGAACCCGTTGATAC
T G A G D T F N A A F A V A L A E G K D I E A A L R F A N R AACCGGAGCCGGTGATACGTTTAACGCAGATTTGCCGTGGCCCTGGCTGA~G~GACATTGAAGCCGCATTGCGGTTTGCCAATCG A A S L S V C S F G A Q G G M P D K K " M K K H TGCCGCTTCCCTTTCTGTCTGCTCCTTCGGTGCCCAAGGCGGAATGCCCGACAAGAAATGAAGTAGAGGAGCTGCTGTCATG~CA rbsD ->K. WOODSON a n d I<. M. DEVINE G I L N S H L A K I L A D L G H T D K I V I A D A G L P V P CGGTATACTGAACAGCCATCTTGCCAAGATTTTAGCCGACCTl'GGCCACACTGATAAAATTGTCATCGCGGATGCCGGACTGCCGGTTCC 2250 D G V L K I D L S L K P G L P A F Q D T A A V L A E E M A V TGACGGCGTTTTGAAAATTGATCTTTCACTGAAGCCGGGCCT1'CCGGCTTTCCAAGATACAGCGGCAGTACTGGCTGAGGAAATGGCGGT 2340 E K V I A A A E I K A S N Q E N A K F L E N L F S E Q E I E CGAAAAAGTCATTGCTGCAGCTGAAATAAAAGCATCCAATCAC;GAGAATGCGAAATTTCTAGAAAATCTTTTCTCTGAACAAGAGATTGA 2430 EcoRl Y L S H E E F K L L T K D A K A V I R T G E F T P Y A N C I ATACCTTTCTCACGAGGAGTTTAAGCTGCTGACAAAAGATGC~~GGCAGTCATAAG~CAGGAGAATTCACACCATATGCCAACTGCAT 2520 P s t I rbsA -' L Q A G V L F * M Q I E M K D I H K T F G K N Q V CCTGCAGGCAGGTGTACTTTTCTAGAAAGGAAGATGAAACAT~,CAGATTG~TGAAAGACATTCAT~CATTCGG~TCAGGT 2610 - L S G V S F Q L M P G E V H A L M G E N G A G K S R L M N I GCTGTCAGGCGTTTCCTTTCAGCTCATGCCTGGCGAGGTTCA~GCATTAAT~AG~CGGCGCCGGCAAGTCACGGCTTATGAACAT 2700
L T G L H K A D K G Q I S I N G N E T Y F S N P K E A E Q H TTTGACAGGCCTGCACAAAGCAGATAAAGGTCAAATCAGCATAAACGGAAACG~CGTATTTTTCCAATCCGAAAGAAGCGGAACAGCA 2790
EcoRV
G I A F I H Q E L N I W P E M T V L E N L F I G K E I S S K TGGAATAGCCTTTATCCATCAGGAATTGAATATCTGGCCGGAAATGACCGTTCTTGAGAATCTATTTATCGGTAAAGAGATATCCTCCAA
2880 Sau3A L G V L Q T R K M K A L A K E Q F D K L S V S L S L D Q E A G C T G G G C G T T T T A C A A A C A A G A A A A A T G A A A G C G C T A G C A G C 2970
G E C S V G Q Q Q M I E I A K A L M T N A E V I I M D E P T C G G C G A A T G T T C C G T C G G A C A G C A G C A A A T G A T C G A A A T T C 3 0 6 0
A A L T E R E I S K L F E V I T A L K K N G V S I V Y I S H CGCAGCGTTGACTGAACGTGAAATCAGC~GCTCTTTGAGGTC~TTACAGCGTT~G~CGGCGTCTCCATTGTCTATATTTCGCA 3 1 5 0
R M E E I F A I C D R I T I M R D G K T V D T T N I S E T D
TCGCATGGAAGAAATTTTTGCGATTTGCGACAGAATTACCATCATGCGTGACGGAAAAACGGTAGATACAACAAACATCTCAGAAACTGA 3240
AGCCGGCCGGACAGAAATGATGAGAGCGCTGTTCGGCGTTGACAGGCTGGACACGGGTGAGATATGGATCGCTGGGAAAAAAACGGCTAT 3510 K N P Q E A V K K V S A L L Q R I A R M K G S C S T A S P E TAAGAACCCGCAGGAAGCCGTAAAAAAGGTCTCGGCTTTATTA(IAGAGAGAATCGC~GGATGAAGGGCTCCTGCTCGACAGCATCACCGGA 3600
T H A R H L S G G K P G K K V V I A K W I G I G P K V L I L AACGCACGCACGCCATTTATCAGGAGGCAAACCAGGCAAAAAAC:TGGTGATAGCCAAGTGGATCGGCATCGGACCGAAAGTGCTTATCTT 3690
D E P T R G V D V G A K R E I Y T L M N E L T E R G V A I I
GGATGAGCCAACCAGAGGTGTGGATGTTGGCGCCAAACGAGAG~rTTTATACGCTGATGAATGAGCTGACCGAACGCGGTGTCGCTATCAT 3 7 8 0
M V S S E L P E I L G M S D R I I V V H E G R I S G E I H A CATGGTGTCATCAGAGCTTCCTGAAATTCTGGGAATGAGCGATC'GGATTATCGTTGTCCATGAAGGCAGAATCAGCGGCGAAATCCATGC 3 8 7 0 rbaC ->
R E A T Q E R I M T L A T G G R * M K T E Q L Q T E Q K R
GCGAGAAGCAACACAAGAACGAATTATGACACTTGACACTTGCCACGGGACGGCGGTAATATG~CGG~CAACTGC~CAG~C~CGGA 3 9 6 0
. 2522 5542) and was cloned into pGEM7Zf( +) to generatc: pKvI'1 (Woodson, 1992) . A plasmid bank of EcoRV fragment:, from /Irhb was generated in pGEM5Zf( +) and was probed witk pKW1. The plasmid pKW2 contained a 1133 bp fragment ( nucleotide 1736, an EcoRV-Tag1 fragment (nucleotides 1736-1832, Fig. 2 ) was cloned into pJM783 (to give pI<W3), and inserted into the chromosome of JH642. Chromosomal DNA from this integrant was digested with EcoRI, ligated and transformed into E. coli strain T g l . Plasmids isolated from these transformants contained a 1832 bp EcoRI-Tag1 fragment of chromosomal DNA (nucleotides 1-1832, Fig. 2 ) which was subcloned into pGEM7Zf( +) to give pKW5. DNA manipulations and sequencing. DNA manipulation was carried out according to Sambrook et a/. (1989) . Enzymes were purchased from commercial suppliers and used according to the manufacturers' instructions. Sequencing was performed with a sequencing kit (Promega) using universal forward and reverse primers. Sequencing templates were prepared by a combination of subcloning and sequential deletion (Erase-A-Base, Promega). Gaps were filled in using oligonucleotide primers synthesized on an Applied Biosystems PCR-Mate DNA synthesizer. Primer extension was performed as described by O'Reilly et al. (1994 $ GenBank accession number M33791.
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C S L E P P N G K R S N S G N K K E F T I G L S V S T GTTAACCGCCTGTTCGCTTGAGCCTCCCAATGGCAAACGATCAAACTCGGG~C~GG~TTCACCATTGGCTTGTCCGTCTCAAC 5040 L N N P F F V S L K K G I E K E A K K R G M K V I I V D A Q G C T T A A T A A T C C T T T T T T T G T C T C A T T A A A A A A G G G T A T C~G~G C T~C G G G G~T G~G T C A T C A T T G T T G A T G C A C A 5130 N D S S K Q T S D , V E D L I Q Q G V D A L L I N P T D S S A AAATGATTCATCGAAACAGACGAGTGACGTGGAAGATTTAATTCAGCAGGTGTTGATGATGCATTATT~T~CCCGACTGATTCTTCGGC 5220 I S T A V E S A N A V G V P V V T I D R S A E Q G K V E T L GATCTCAACGGCAGTAGAATCTGCAAACGCCGTCGGTGTGCCCGTCGTlLACAATCGATCGATCn;CGGAACAAGGAAAAGTTGAAACCCCT 5310 V A S D N V K G G E M A A A F I A D K L G K G A K V A E L E CGTTGCTTCCGATAATGTAAAAGGCGGTGAAATGGCCGGT~TGGCCGCGGCGTTTATTGCCGAC~CTTGG~GGAGC~~TGGCAGAGCTTGA 5400
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throughout the growth cycle and were assayed for pgalactosidase activity according to the method of Ferrari et al (1986) . The specific activity is expressed as Miller units (Miller. 1972) .
Computer analysis. Amino acid sequences were deduced from the nucleotide sequence using ANALYSEQ of the STADEN package (Staden, 1982) . The GenBank database was accessed using A C N~J C (Gouy e t ai., 1985) . Homology searches of the GenBank database were carried out using the TBLASTN program (Altschul et al., 1990) . Multiple sequence alignments were performed using the CLUSTAL v package (Higgins et al., 1992) .
RESULTS
Cloning and sequencing of the csa-75 locus
The strain CSA15 was identified by the strategy outlined by O'Reilly e t al. (1994 (29-32 ' / o) than that observed for the structural genes. The region of greatest identity between these proteins is located within the helix-turn-helix motif present in each protein. The ribokinase displays characteristics of kinases and is clearly homologous to ribokinase from E. coli. These similarities support the hypothesis that the csa-15 locus encodes a ribose transport system in B. strbtilis.
Sequence analysis revealed that there was a SigA-like promoter positioned between nucleotides 224 and 253 (Fig. 1 ). There is a very strong ribosome binding site [nucleotides 258 and 272, AG = -17.8 kcal mol-' ( -74.5 k J mol-')I located between the putative promoter and the start codon of the rbsR cistron. The open reading frames of the B. strbtilis operon do not overlap and each has a strong ribosome-binding site. These vary in strength from AG = -17.8 kcal mol-' (-74.5 k J mol-l) for the rbsR cistron to AG = -11.9 kcal mol-' (-49.8 k J mol-') for the rbsD cistron (calculated according to the method of Tinoco e t al., 1973 proteins. Both these conserved regions contain the amino acid motif GXXGXGR/I< associated with protein-ATPbinding sites. The amino acid sequence LTACSL, located in the amino terminus of RbsB, is found in many lipoprotein precursors, and is the position at which cleavage and acylation (of the C) of proteins occurs (Gilson e t al., 1988) . It is evident that the putative ribose transport operon identified in B. strbtilis exhibits many of the features associated with the ABC group of transporters identified in Gram-negative bacteria.
Location of the promoter of the ribose transport operon
Analysis of the csa-15-lac2 operon fusion in strains KD882 (wild-type) and KD883 (spoOA) indicates that expression of this operon is negatively regulated by SpoOA (O'Reilly e t al., 1994) . A strategy using integrating plasmids was used to identify the operon promoter and to locate the site at which expression is regulated by SpoOA. Two DNA fragments, EcoRI-ClaI (nucleotides 1-945, Fig. 1 ) and EcoRV-Tag1 (nucleotides 1736-1832, Fig. 1 )' were separately subcloned into the plasmid pJM783 and integrated into the chromosomes of JH642 and JH646 by a Campbell-type insertion. The transcriptional operonIacZ fusions thus generated had points of fusion located at nucleotide 945 in strains KD889 (wild-type) and KD890 (spoOA), and at nucleotide 1832 in strains KD887 (wildtype) and KD888 (spoOA). The levels and patterns of pgalactosidase expression throughout the growth cycle for these integrants were the same as those observed with csa-15-lacZ in strains KD882 (wild-type) and KD883 (spoOA) respectively (data not shown). Thus the operon promoter and site of regulation by SpoOA is positioned upstream of nucleotide 945. To further locate the operon promoter, a transcriptional fusion between the EcoRI-EcoRV fragment (1-493, Fig. 1 ) and lacZ was generated in pDG268.
This plasmid was linearized and transformed into the chromosomes of strains JH642 and JH646 generating KD891 and KD892 respectively. Integration of this linearized plasmid occurs by a double-crossover event at the a-amylase locus. The pattern and level of lacZ expression observed in strains KD891 and KD892 are shown in Fig. 3 . It is evident that the level of expression in strains harbouring a spoOA mutation is higher than that observed in wild-type cells. This pattern and level of expression is also observed with strains carrying transcriptional fusions within the operon. These data demonstrate that the ribose transport operon promoter, and the sequences through which control of operon expression by IP: 54.70.40.11
On: Sat, 08 Dec 2018 03:35:05 Fig. 3 . Effect of glucose addition on the expression of lacZ in strains KD891 and KD892 during the growth cycle. Strains KD891 (wild-type) and KD892 (spoOA) were grown in SM broth in the presence and absence of 1 % (w/v) glucose. Expression of the ribose transport operon was measured by determination of the levels of P-galactosidase (given as Miller units) present in cells a t various stages of the growth cycle. Time is expressed as the number of hours before (minus) or after (plus) the entry of cells into the stationary phase (to). +, KD891, no glucose; 0, KD892, no glucose; 0 , KD891, 1% glucose; H, KD892, 1% g I ucose.
SpoOA is mediated, are located on the 493 bp EcoRI-EcoRV fragment. It is also evident that the transcription unit extends from within this fragment to the Sm3A site at nucleotide 3487, the site of the original transcriptional fusion in CSAl5.
In order to verify that this operon encodes a ribosc: transport system, the ability of strains harbouring mutagenic and non-mutagenic insertions at this locus to grow on ribose as sole carbon source was tested. The EcoRI-ClaI fragment (nucleotides 1-945, Fig. l) , overlaps the promoter region of the operon; thus integration directed by this fragment (in strains KD889 and KD890) should be non-mutagenic. In contrast, insertions directed by the EcoRV-Tag1 (nucleotides 1736-1 832) fragment, as in strains KD887 and KD888, are mutagenic since it is located within the rbsK cistron of the operon. Thus the ability of wild-type strains (KD887 and KD889) and strains mutant in spoOA (KD888 and KD890) to grow on ribose as sole carbon source was tested. Strains JH642, JH646, KD889 and KD890, all of which have an intact ribose transport operon, grew on plates containing ribose as the sole carbon source. In contrast, strains KD887 and KD888, which do not have an intact ribose transport operon, did not grow under these conditions. These data support the hypothesis that this operon is involved in the transport of ribose into the cell.
Catabolite repression of the rbs operon in B. subtilis
Sequence analysis of the ribose transport operon reveals a motif often found in operons which are cataboliterepressed in B. szlbtilis (Weickert & Chambliss, 1990 ). In order to investigate expression of the rbs operon in the presence and absence of glucose, the levels of 8-galactosidase in strains KD891 and KD892 were examined. Addition of glucose reduced the level of accumulated P-galactosidase activity to less than 50 U for both strains (Fig. 3) . These low levels were observed at all stages of the growth cycle in both wild-type and spoOA backgrounds. The level of operon transcript was determined by primer extension analysis, using total RNA prepared from wild-type (JH642) and spoOA (JH646) strains grown in the presence and absence of glucose. Transcripts initiating at nucleotide 260 were observed in both JH642 and JH646 cells grown in the absence of glucose. However, transcripts were not observed in either strain at any stage of the growth cycle upon the addition of 1 YO glucose (data not shown). Thus transcription of the operon initiating at nucleotide 260, is subject to catabolite repression.
DISCUSSION
The sequence of the csa-75 locus of B. szlbtilis (identified by O'Reilly e t al., 1994) indicates that it encodes a transport system with many of the characteristics of the ABC group of transporters originally identified in Gram-negative organisms (Ames, 1986; Higgins e t al., 1990) . Among members of this group of transport operons, the highest level of identity is observed with the ribose transport operon identified from E. coli (see Table 2 ). Strains harbouring non-mutagenic and mutagenic insertions into the ribose transport operon were tested for growth on media containing ribose as sole carbon source. Only those strains in which this operon is intact showed detectable growth under these conditions. These growth patterns and the observed sequence homologies strongly suggest that this operon encodes proteins involved with ribose transport. The organization of the cistrons of the B. szlbtilis operon differs from that of its E. coli homologue. In B. szlbtilis the cistrons encoding the proteins involved in the transport of ribose, i.e. rbsD, rbsA, rbsC and rbsB are arranged in this order, which is the same as that in E. coli.
However, the cistrons encoding the regulatory protein RbsR, and ribokinase RbsK, are located distal to rbsB in E. coli whereas they are encoded by the first two cistrons of the operon in B. szlbtilis. In addition to their different positioning relative to the structural genes of the operon, the order of the rbsR and rbsK cistrons in B. szlbtilis is reversed relative to that in E. coli.
A periplasmically located substrate-binding protein is characteristic of many members of the ABC group of transporters (Ames, 1986; Higgins e t al., 1990 ). This protein is not involved in the actual transport of substrate into the cell, but functions to bind substrate with very high affinity and deliver it to the transport complex. The RbsB protein from B. szlbtilis displays a high level of identity at the amino acid level, and has a similar hydropathy profile, to members of this family of proteins. not have a periplasmic space. Periplasmic substratebinding proteins are also found in the dipeptide (DppA) and oligopeptide (OppA) transport systems of B. subtilis (Perego e t al., 1991 ; Rudner e t al., 1991 ; Mathiopoulos e t al., 1991) . The RbsB protein from B. subtilis has a signal peptide and a sequence (L-T-A-C-S-L) in the vicinity of the amino terminus which is typical of proteins modified by acylation, features also found in OppA and DppA. A model proposed by Perego e t al. (1991) suggests that this group of proteins in B. subtilis is secreted from the cytoplasm but remains attached to the membrane through this lipid anchor. Therefore, these proteins appear to be equivalent to their E. coli counterparts both in cellular location and in function.
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The ABC group of transporters is defined by one or more of the component proteins having an ATP-binding cassette (Higgins e t al., 1990) . Two ATP-binding sites are required for substrate transport. They can be located on separate proteins, as in the oligopeptide transport system of S. t_phimzlrium, or on the same protein, as in the ribose transport system of E. coli (Ames, 1986) . In addition, the amino-and carboxy-terminal halves of the RbsA protein are homologous to each other and can be aligned, a feature already noted by Ames (1986) . The RbsA protein from B. szlbtilis shares many features with its E. coli homologue. There is a motif GXXGXGK/R which is associated with ATP-binding sites located in each half of RbsA from B. subtilis. In Fig. 4 Expression of the ribose transport operon from B. subtilis is directed by a single SigA-type promoter and is negatively regulated by SpoOA-P during the late exponential phase of the growth cycle (O'Reilly e t al., 1994) . This regulation is not mediated indirectly through the transition state regulator AbrB (O'Reilly e t al., 1994) . Expression of the dipeptide transport system is also regulated by SpoOA-P but in this case regulation is mediated indirectly through AbrB and begins at the transition stage of the growth cycle (Slack e t al., 1991) . Thus there are significant differences in the mechanism and timing of SpoOA -P-regulated expression of the two transport operons. How then does SpoOA -P regulate expression of the rbs operon? A recognition sequence, TGNCGAA, is found in the vicinity of promoters whose expression is either negatively regulated by SpoOA -P (as in the case of abrB : Perego e t al., 1988 ; Strauch e t al. , 1989) or positively regulated by SpoOA-P (as in the case of spoIIE and spoIIG: York e t al., 199%; Satola e t al., 1991) .
This sequence is not found in the promoter region of the rbs operon, suggesting that regulated expression mediated by SpoOA is indirect. The indirect regulation is not mediated through AbrB, however, which suggests that a novel pathway exists through which expression can be regulated by SpoOA.
Expression of the rbs operon in B. subtilis is cataboliterepressed. This has been demonstrated using rbs-lac2 fusions and by primer extension analysis. In the presence of 1 % glucose, levels of P-galactosidase in strains carrying rbs-lacZ fusions are reduced up to 40-fold, and transcripts could not be observed by primer extension analysis. This was observed at all stages of the growth cycle in both wild-type and spoOA cells. These observations suggest that the catabolite repression effect is dominant to regulated expression by SpoOA. A sequence motif frequently found in the vicinity of the transcriptional start site of B. subtilis operons which are catabolite-repressed (Weickert & Chambliss, 1990) overlaps the + 1 of the rbs operon. It is noteworthy that the RbsR protein encoded by the first cistron of the ribose transport operon is homologous to members of the Gal repressor protein family. It may be significant that the CcpA protein, shown to be involved in catabolite repression of amyE (Henkin et al., 1991) , is also a member of this family and shows significant homology to the RbsR protein. It will thus be interesting to establish whether the RbsR protein plays a role in catabolite repression of the operon. It must also be noted that expression of spoOA is directed by two promoters, one of which is catabolite-repressed (Yamashita e t al., 1989; Chibazakura e t al., 1991 ; Strauch e t al., 1992) . It will thus be interesting to investigate the interrelationships between SpoOA, RbsR, catabolite repression and temporal regulation of the rbs operon in B. szlbtilis.
